Abstract. This study explores the possibility of using stiffness-based method and cubic spline interpolation to locate the damaged storey of a building during a strong earthquake, and corresponding stiffness matrix of structure often change in the earthquake process. The time series model of a building is established from the full structural dynamic responses. Next, the coefficient matrix of the time series model could be solved by recursive least squares (RLS) algorithms. Then, the model parameters of a building are calculated by the coefficient matrix of time series model. Finally, the identified natural frequencies and mode shapes of structure that corrected by cubic spline interpolation would be used to construct the stiffness matrix of a building. Then, the damage location of a building could be detected by the identified stiffness matrix of a building. The effectiveness of the proposed procedure is verified using numerically simulated earthquake responses of the finite element model of a six-storey frame.
Introduction
It is essential that detect the damaged location by using the identified modal parameters of an existing structure or bridge from the measured dynamical responses in the field of structural health monitoring. System identification is a process to create mathematical models of structures using measurements of the dynamic responses and base excitation of structure. Based on the properties of coefficient estimation approaches, the process of system identification are divided into two broad categories, online and offline estimation.  Online estimation algorithms estimate the coefficient matrix of time series model when the new responses are measureable during the dynamic process. These algorithms including: recursive least square approaches [1] [2] [3] ; recursive gradient approaches [4, 5] and recursive maximum likelihood approaches [6, 7] .  Offline estimation algorithms estimate the coefficient matrix of time series model after collecting all the input and output data. These algorithms including: least square approaches [8] ; maximum likelihood approaches [9] ; artificial neural network [10] ; genetic algorithm [11] . The vibration-based damage detection method would use to locate the damaged sotreys based on examining change in measured dynamic responses. Stiffness matrix based process requires as follows: 1. identifying the modal parameters of structures; 2. constructing the stiffness matrix of structures by identified modal parameters; 3. computing the variation of the identified stiffness matrix between the damaged and undamaged structure.
This study utilizes a simple and efficient modal identification method and stiffness-based damage locating approach to determine which floors of a structure exhibit a change in stiffness. First, the time series model of a structure is established and the recursive least square approach is used to estimate the coefficient matrix of time series model. Next, the modal parameters of structure would be calculated by the estimated coefficient matrix of time series model. Then, the stiffness matrix of structure could be obtained from the identified modal parameters. However, it is difficult to observe the dynamic responses of all degree of freedoms. In here, the cubic spline interpolation would be used to obtain the mode shapes of the unobserved degree of freedom from the identified modal parameters.
The proposed procedure is validated using the simulated earthquake acceleration responses of a sixstory finite element model. The incomplete measurement situation would be assumed and the cubic spline interpolation would be used to calculate the mode shapes of the unobserved degree of freedom.
Methodology
A building structure could be considered with viscous damping. The dynamic responses of building must MATEC Web of Conferences 201, 01004 (2018) https://doi.org/10.1051/matecconf/201820101004 ICI 2017 satisfy the equation of motion, and could be described as follows
where M, C and K are mass, damping and stiffness matrices, respectively; x & &, x & and x , respectively, are the acceleration, velocity and displacement responses vectors of the building, and f is the input force vectors. According to the central difference approach, equation of motion could be rewrite by time series model 1 0
where, y t-it and f t-it are the vectors of measured responses and input forces at time t-i t  , respectively; 1/ t  is the sampling rate of the measurement, i and  j are matrices of coefficient functions to be determined in the model. Rearranging Eq.(2) yields
where (4) A recursive least square algorithm can be used to estimate and track the time-variant coefficient matrix of time series model as follows (5) where, is the filtering gain; is the a priori prediction error; is the estimation covariance matrix and is the forgetting factor. Eq. (2) reveals that the modal parameters of a structure are determined from  i with i=1,2,…,I. A matrix G is constructed from  i as
Consider the response of a structure described by equation of motions such as Eq. (1). Assuming properties damping, the orthogonality property of the mode shapes with respect to the mass and stiffness matrix leads to [13] 
in which D M and D K are the diagonal modal mass matrix and diagonal modal stiffness matrix, respectively. The equation used to express the square of modal frequencies as a matrix is
Assuming the mass matrix was given, then, the stiffness matrix could be obtained
3 Numerical Verification The finite element model of six-storey frame was built to demonstrate the feasibility of the proposed procedure, and this frame was subjected to a simulated 1999 Chi-chi earthquake at its base in X direction (see Fig. 1 ). The geometric parameter of this six-storey frame were 25cm long, 20cm wide and 180cm high. The 5% of the modal damping ratio would be assumed during the simulation process. Plates were fixed on each floor, such that the total mass of frame at each floor was approximately 6.732kg. The columns have rectangular section of 2X18, with units is mm. Table 1 shows the theoretical modal parameters. This frame was subjected to base excitations of the 1999 Chi-chi earthquake. The acceleration responses of the base and all floors at t=5-45 seconds were used in evaluating modal parameters for the frame. Fig. 1 displays the time history of base excitation and acceleration responses in X direction of this numerical model subject the Chi-chi earthquake. 
Incomplete measurement
It is difficult to observe the total degree of freedom in the site experiment. To somewhat simulated this situation, the dynamic responses of the second story wouldn't be used to the identification process of modal parameters. To check for agreement between the identified mode shapes and theoretical ones, the modal assurance criterion (MAC) proposed by Allemang and Brown [14] was used, which was defined as
MAC ,
where k,i is the identified i th mode shape and k,a is the corresponding analytical mode shape. The value of MAC is between 0 and 1. When the two mode shapes are more similar, the resultant value of MAC is closer to one. In other words, when two mode shapes are orthogonal with each other, the resultant MAC value is zero. The acceleration responses of the base and all degree of freedom at t=5-45sec would be used to identify modal parameters. Figure 2(a) plots the results obtained from processing the simulated input and acceleration responses of all stories by using recursive least square approach. In this study, the forgetting factor would be given as 0.995. In the modal identification process, the accurately and stable modal parameters were obtained.
Constructing stiffness matrix
In the stiffness matrix construction process, the identified mode shapes of all degree of freedom is necessary. In here, the cubic spline interpolation would be used to calculate the mode shapes of the unobserved degree of freedom. Under the assumption of given mass matrix, combined with the identified natural frequencies and mode shapes, the stiffness matrix of structure can be determined by Eq. (9). Table 2 shows the theoretical stiffness matrix of the six-storey frame extracted from finite element model. Due to the values of off-tridiagonal elements less than 1% of the tridiagonal elements, in the follow numerical study, the relative errors of the tridiagonal element would be discussed.
(a) (b) Fig. 2 . The identified instantaneous modal parameters (a) t=5-45sec; (b) t=5-7sec Table 3 shows the relative errors of the calculated stiffness matrix using Eq. (9) . The modal parameters that were identified from the simulation dynamic responses of certain observed degree of freedom would be used in Eq. (9) . For the identified results from the full measurement, the maximum relative error is 4.221%. It MATEC Web of Conferences 201, 01004 (2018) https://doi.org/10.1051/matecconf/201820101004 ICI 2017 is evidently that the variant of the local stiffness less than 5% is difficult to detect from the identified modal parameters. Next, for the identified results from the incomplete measurement, the cubic spline could be used to calculate the deformations of the unobserved degree of freedom in each modal. The maximum relative error is 4.725%. It is evidently that the variant of the local stiffness more than 5% is easy to detect from the identified modal parameters. 
Conclusions
This study extended cubic spline interpolation for creating the stiffness matrix of building from structural dynamic responses. The procedure of stiffness matrix creation from the measured vibration would be divided three stages, 1. The modal parameters of s structure would be identified from measured seismic responses; 2. Assuming the mass properties was given and calculating the deformations of the unobserved degree of freedom in each modal via cubic spline interpolation; 3. Constructing the stiffness from the identified natural frequencies and corrected mode shapes.
In modal identification stage, the time series model was constructed in time domain. The time-varying coefficients in time series model were determined by a recursive least square approach. Then, the modal parameters of the structure were calculated from these coefficients. For incomplete measurement case, it is difficult to construct the stiffness matrix from the identified modal parameters. Therefore, the cubic spline interpolation would be used to calculate the deformation of the unobserved degreed of freedom in each modal. Finally, the stiffness matrix of the structure would be constructed via the identified natural frequencies and corrected mode shapes.
The numerically simulated responses of a six-storey finite element model subjected earthquake input were used to validate the proposed procedure. The effects of forget factor on the ability to identify the modal parameters were also investigated. The recursive least square approach apply on full measurement data did provide more accurately stiffness than the process incomplete measurement data.
